Abstract. Multiple studies have reported that analysis of serum and other bodily fluids using surface enhanced laser desorption/ionization time of flight mass spectroscopy (SELDI-TOF-MS) can identify a "fingerprint" or "signature" of spectral peaks that can separate patients with a specific disease from normal control patients. Ultimately, classification by SELDI-TOF-MS relies on spectral differences in position and amplitude of resolved peaks. Since the reproducibility of quantitation, resolution and mass accuracy of the SELDI-TOF-MS, or any high throughput mass spectrometric technique, has never been determined this method has come under some skepticism as to its clinical usefulness. This manuscript describes a detailed design of a three-phase study to validate the clinical usefulness of SELDI-TOF-MS in the identification of patients with prostatic adenocarcinoma (PCA). At the end of this validation study, the usefulness of the general SELDI-TOF-MS approach to identifying patients with PCA will be demonstrated and how it compares with PCA diagnosis by measuring prostate specific antigen.
Introduction
Prostatic adenocarcinoma (PCA) is diagnosed in about 190,000 men each year and is responsible for 30,000 deaths annually [2] . As such, it is the second major cause of cancer deaths in men. When PCA is lo-calized to the prostate, it can be cured in most cases by local therapy including radical prostatectomy. Therefore, early detection of prostate cancer is very important to the management of this disease process.
Since its discovery in 1971 by Hara et al. [16] , screening with prostate specific antigen (PSA) in serum has become the most valuable approach for the early detection of PCA. Several large clinical studies have demonstrated that PSA alone is superior to digital rectal examination (DRE) or any other existing screening method for PCA, and that PSA combined with DRE is the most effective early detection modality for prostate cancer [4, 7, 11, 17, 18] . With the advent of widespread PSA screening programs, a significant trend toward diagnosis of earlier stage PCA has occurred. This sizable shift in stage-specific incidence rates toward earlier stage disease has been accompanied by concurrent declines in new cases diagnosed with poorly differentiated tumors and a decrease in patients diagnosed with metastatic disease [15, 21, 26] . This combination of events has suggested that PSA testing may have had a beneficial impact on mortality [28] .
The positive predictive value of PSA has been reported to be ∼10% in men with serum PSA levels of <4 ng/ml and >80% for men with levels >20 ng/ml. While most patients with PSA levels <10 ng/ml have early stage disease, over 50% of patients with PSA levels >10 ng/ml are found to have advanced disease [17] . These results emphasize the need to use a low PSA cutoff value for the early detection of prostate cancer. Unfortunately, a detection threshold value of 4 ng/ml leads to a false positive rate of ∼65% in typically screened populations [3] . This high false positive rate results because PSA is more prostate specific than PCA specific, as elevated PSA levels are found in benign prostatic hyperplasia (BPH), prostatic intraepithelial neoplasia (PIN), prostatic ischemia/infarction, and acute and chronic prostatitis [5] . Thus, in men with a PSA between 4-10 ng/ml, many prostate biopsies reveal only benign conditions. In contrast, approximately 20% of PCA patients have PSA levels <4 ng/ml at diagnosis [4, 8] . Thus, in spite of the overall success of PSA screening, there continues to be a need for more sensitive and specific methods for early detection of PCA either independent of or as an adjunct to PSA screening.
Two studies have demonstrated that surface enhanced laser desorption/ionization (SELDI) time of flight mass spectroscopy (TOF-MS) can be used to generate serum protein expression profiles in patients with PCA that can be discriminated from those of healthy controls using pattern matching algorithms applied to this multidimensional proteomic data [1, 23] . In these initial studies, the SELDI-TOF-MS method coupled with a pattern-matching algorithm has identified PCA with a sensitivity of 83% and specificity of 97%. Subsequently, a boosted decision tree analysis increased both sensitivity and specificity to 97%. These results were judged by the NCI Early Detection Network (EDRN) to be encouraging enough to warrant validation of the SELDI-TOF-MS method for the early detection of PCA.
SELDI-TOF-MS is a novel technique for determining differential protein expression and is useful in biomarker discovery [22] due to its unique ability to detect analytes at trace (low femtomole) levels in complex biological samples, e.g., serum, urine, CSF, tissue culture extracts, and tissue lysates. The ProteinChip Arrays used in this process fall into two broad categories of chromatographic and pre-activated surfaces. For protein expression profiling, chromatographic surfaces (e.g. anionic, cationic, metal affinity, and reverse phase) are used. Crude samples such as serum can be applied directly to the array and proteins are retained based on their biochemical properties. Washing of the array removes nonspecifically bound proteins, salts, and other interfering compounds, greatly reducing signal suppression. Therefore, unlike many other types of protein arrays, the ProteinChip Arrays do not require a prior knowledge of the proteins of interest. Investigators can custom make more conventional protein arrays using the pre-activated ProteinChip Arrays. This technology allows the user to covalently attach a specific capture molecule to the biochip to create a customized affinity array. The capture molecules can include antibodies, small molecules, peptides, nucleotides, and aptamers. Alternative forms of mass spectrometric analysis generally relies on front-end fractionation or sample purification prior to loading on a target or probe often resulting in the loss of low abundance proteins.
The ProteinChip Reader is a compact TOF-MS instrument specifically developed for SELDI-TOF-MS applications. After capture of the sample on the array, an energy absorbing matrix (EAM) solution, that enhances laser energy transfer and analyte ionization, is added to promote laser-based desorption and ionization. This part of the process is similar to MALDI but has the advantage provided by the chemistry of the solid support surfaces of the ProteinChip. Retained proteins are then detected by the ProteinChip Reader. Proteins and peptides with molecular weights ranging from less than 1000 to 200,000 daltons (Da) can be detected.
The time required for the discovery of molecular markers for the early detection of specific neoplastic processes is unpredictable. However, once a potentially useful biomarker is identified, a number of criteria must be met before it becomes available clinically. In addition to standard performance criteria such as sensitivity and specificity, the assay technique must be standardized and then the marker compared to the current 'gold standard' in a rigorous validation process. Pepe et al. [20] have published a general pathway for the identification of markers of early cancer detection including a validation step [20] . This article provides the details of the validation of markers prior to the clinical use of SELDI-TOF-MS for diagnostic and therapeutic interventions. This detailed validation process, focused on PCA, was developed during a meeting of a subgroup of the Early Detection Research Network Genitourinary (EDRN GU) Collaborative Group. As an initial product of this Collaborative Group, we present a proposed validation approach that is not only specific for the early detection of PCA but which also can be generalized to the validation of molecular approaches to early detection for other forms of neoplasia, either by SELDI-TOF-MS or by other screening methods.
Study design, design considerations and methods
The validation process developed for the early detection of PCA using SELDI-TOF-MS serum expression profiling is divided into three stages. In Stage I, the validation procedure focuses on the reproducibility and portability of the method and the standardization of the methodology at seven clinical -laboratory sites. These sites include Eastern Virginia Medical School (EVMS), Johns Hopkins University Medical Institutes (JHU), Uniformed Services University of Health Sciences (USUHS), University of Alabama at Birmingham (UAB) Medical Center, University of Pittsburgh Cancer Institute (UPCI), National Cancer Institute Frederick Cancer Research Facility (NCIFCRF), and University of Texas Health Science Center San Antonio (UTHSCSA). Stage II is the demonstration that PCA can be detected with a high sensitivity and specificity by multiple laboratories using first, serum samples from a single-institution biorepository-based study cohort and second, in an independent PCA patient and control population. Finally, in Stage III, a well-defined patient population such as the Prostate Cancer Prevention Trial (PCPT) will be utilized to ensure the sensitivity and specificity of the method in a population of clinically well-defined PCA cases and prostate biopsy proven negative controls. This study will be combined with an analysis of the predictive power of the method in prospective serum samples from emergent PCA cases in the PCPT cohort obtained years prior to clinical diagnosis.
Stage I. Reproducibility and portability
There are three sequential components of Stage I that are designed to demonstrate that comparable SELDI-TOF-MS serum protein expression profiling results can be obtained in multiple laboratories. In developing a detailed validation study for the early detection of PCA using SELDI-TOF-MS, the Working Group first considered reproducibility and portability. That is, the identical methodology will be established at multiple sites with the goal of obtaining the same results at each site. Ultimately it must be demonstrated that multiple sites using the same instrumentation and protocols consistently obtain comparable data on a set of wellcharacterized subject samples. For SELDI-TOF-MS, these data would include the same diagnostic peaks that have been identified by the EVMS group (reference site) to separate PCA cases from non-PCA controls.
To optimize reproducibility and portability, the instruments used in this analysis at each site will be calibrated with EVMS and each site must reproduce the results from a set of samples previously analyzed by EVMS. For the six analytical sites plus the EVMS reference site, this testing will be completed within six months; at that time, all data will be analyzed by the Data Management and Coordinating Center (DMCC) of the EDRN. After six months, the Working Group will meet again and evaluate the results of the portability and reproducibility portion of the validation study (i.e., Stages IA-C).
Stage 1A: Standardization of SELDI-TOF-MS instrumentation and laboratory protocols
Six of the laboratories participating in the validation study (EVMS, JHU, USUHS, UAB, UPCI, NCIFCRF, and UTHSCSA) will utilize the same instrumentation. This required analytical equipment is Ciphergen Biosystems Inc. SELDI-TOF-MS, PBSII Reader with Biomarker PatternsTM Software and a Biomek 2000 Sample Preparation Robotic System from Beckman Instrumentation with the Ciphergen Biomarker System Integration Package. NCIFCRF will use a different system. The SELDI-TOF-MS systems within the seven participating laboratories will be calibrated by Ciphergen engineers and scientists using insulin to test the resolution and IgG to test the sensitivity of the instrument. The instruments will then be standardized utilizing a quality control assay developed by EVMS. This quality control assay consists of a pooled quality control serum sample applied to an IMAC3-Cu ProteinChip array prepared using standardized protocols. These chips will be prepared and loaded with samples at EVMS and standard spectra from these chips will be obtained at EVMS before standardizing the other laboratories. EVMS investigators and staff also will visit each of the sites with the Ciphergen personnel to oversee calibration and standardization of each of the SELDI-TOF-MS instruments.
Normalization of instruments across multiple sites requires specific hardware and software components. In the process of standardizing the instruments on the quality control serum sample, instrument settings such as detector voltage, laser intensity, and sensitivity will be adjusted. All spectral data will be collected using the same lag time and number of laser shots. After data collection, each spectrum will be calibrated for mass using the same peptide calibrants. Spectra will be normalized using total ion current normalization with the same normalization coefficient and low mass cutoff. All spectra will be processed using the same baseline subtraction protocol and peaks will be detected using a uniform definition of requisite signal-to-noise ratio and mass window.
In this stage, EVMS personnel will run the previously prepared quality control (QC) chips, together with new chips prepared at each site loaded with the QC serum standard and adjust instrumentation so that the profiles are equivalent to those obtained at EVMS. We expect to see four major peaks (5, 908, 7,768 and 9,293 Da)-with resolution above 450 and intensity in the range of 20 to 40 [1] . (These are the standards for laser energy, detector sensitivity and detector voltage adjustment.) After instrument adjustment, two bioprocessors of QC samples (24 protein chips with 8 spots per chip) will be processed and analyzed using SELDI-TOF-MS to confirm the quality of the assay. For each of the following three months, one bioprocessor of QC samples (12 protein chips) will be processed and read using SELDI-TOF-MS (12 chips per month) to monitor temporal reproducibility. In addition, one chip of QC and peptide standards will be run every Monday morning to monitor instrument performance.
Stage 1B: Replicate analyses of EVMS sera from PCA patients and controls
The primary purpose of Stage IB will be to demonstrate that each participating laboratory can obtain consistent SELDI-TOF-MS results to discriminate between the sera of PCA and non-PCA subjects. Following the Stage IA standardization of the SELDI-TOF-MS system at a site, the site will then receive 14 PCA and 14 non-PCA sera from EVMS. These samples will be blinded and have been previously analyzed at EVMS. Samples will be selected from a previous study at EVMS for which the non-PCA subjects are age-matched normals (defined as subjects with PSA <4 and normal DRE), and the PCA subjects are patients who have undergone radical prostatectomy. Criteria used to select these 14 samples out of 186 PCA subjects and 219 age-matched normals include 1) spectra show no signs of protein degradation and 2) at least 1 ml of serum remaining in the serum bank. Samples will be analyzed blindly by each of the five laboratories as well as EVMS. Each of the six sites will prepare these samples on IMAC3-Cu chips using their Biomek robotic system and analyzed on the SELDI-TOF-MS system. All sites will send their primary data and processed spectra to the Co-Investigators at the DMCC who will analyze each site's ability to identify the peaks required for accurate analysis and classification of these samples.
The criteria for agreement among labs are based on the agreement in both the resolution and intensity of the diagnostic peaks. Since the true protein mass is unknown at each of the protein mass peaks detected by SELDI-TOF-MS (there is always some measurement error, no matter how small it is), the resolution agreement is determined by the agreement of the locations of peaks as measured at each of the six other analytical sites and EVMS and between each site and the other six laboratories combined. More specifically, after each laboratory performs peak identification and alignment, the coefficient of variation (CV) and intra-class correlation coefficient (ICC) for measures of peak location and of peak intensity will be calculated for each peak. The between-laboratory variation will be compared to the between-sample variation. The direct assessment of the between-laboratory agreement will apply the classifier previously developed from the EVMS data (the 28 samples are part of the data used to develop the original classifier and thus are classified correctly) to the data from each laboratory. The same synchronization techniques applied to the pooled QC sample in Phase IA will be used to improve the inter-laboratory agreement.
Stage 1C: Analyses of sera from PCA patients and controls drawn from each participating site
Stage IC will be performed at each of the seven sites following the successful completion of Stage IB. The objective of Stage IC is to demonstrate that diversely collected, processed and stored sera of PCA and non-PCA subjects from the six sites can be prepared and analyzed accurately by each of the sites using SELDI-TOF-MS. This stage will also identify instabilities that may occur subsequently in the instrumentation used in the study as well as subtleties in the collection, processing, and storage of blood samples that may impact the profiling results.
A total of 35 cases of PCA and 35 controls without PCA will be analyzed blindly by each of the six participating laboratories using the same protocols developed in Stages IA and IB. The rest of this stage will follow the protocols described for Stage IB with analysis of results being performed by the DMCC. Serum samples from these 70 subjects will be separated into six 0.5 ml aliquots and stored within 4 hours of collection at −70
• C or colder until provided to the sites. Five cases and five controls will be collected from each site. The controls will be age-matched normals with PSA <2.5 ng/ml and normal DRE. (Preferably, control subjects will also have had a negative prostate biopsy.) Cases will include pre-treatment samples from prostatectomy patients.
Similar to Stage 1B, the CV and ICC will be calculated for measures of peak location and of peak intensity. The existing classifier built on the data from EVMS may not correctly classify all 70 samples from different laboratories. Therefore, agreement will be based on whether data for these 70 samples from each of other 6 laboratories are classified the same as the data from EVMS. This agreement is reasonable at this stage since the goal of Stage I is to assess the impact of the between laboratory variation on the consistency of diagnosis/detection. Stage II of the validation study is designed to demonstrate that the method accurately predicts presence or absence of PCA in an independent, large case-control series, collected by multiple sites and analyzed at two independent but standardized sites (EVMS and UAB). Stage II of the validation study will also demonstrate that the algorithm developed by EVMS and DMCC [1, 23] to analyze SELDI-TOF-MS data can be used on profiling data obtained from a different group of PCA patients and controls analyzed at EVMS, the EDRN Discovery Laboratory, and UAB, an EDRN Biomarkers Validation Laboratory. After the current algorithm is tested and validated, the PCA cases and controls will be randomly assigned to a learning set and a new optimized algorithm will be developed. Subsequently, this algorithm will be validated in a test set consisting of the remainder of the specimens. Thirty percent of the total samples, i.e., 75 for each group, will be used as the test set.
The first step of Stage II will be to estimate the sample size required. This calculation will depend on prior measurements at the EVMS Developmental Laboratory including the initial determination of sensitivity and specificity during developmental studies. Two groups of 250 patients each will comprise two populationsone low risk PCA group with clinical T1-T2 stage disease, and a Gleason Score of 6 or less and a high risk PCA group for clinically aggressive disease with T1-T2 stage and a Gleason Score 7. This Gleason cutpoint has been selected due to the clear difference in biologic activity between the <7 and 7 groups [12] . The study is limited to T1-T2 disease so that only potentially curable cases will be studied. A total of 250 controls (non-PCA) will be selected, collected and their blood samples processed and stored identically to the patients' samples. The controls will have PSA values 10 ng/ml, a normal DRE, and negative biopsies (sextant minimum) with no PIN and no proliferative inflammatory atrophy (PIA) identified at biopsy.
The primary goal of Stage II is to validate the existing classifier developed from EVMS data on new samples of serum from PCA patients or normal controls with well defined inclusion/exclusion criteria, and from diverse laboratories and clinical populations. If the existing classifier works well, the study will proceed to Stage III even though a better classifier may be developed as a secondary aim of Stage II. If the existing classifier does not work well on these diverse samples, the first 125 samples from each group will be used as a training sample to modify the classifier and the second 125 samples from each group will be used as a new test sample to assess the performance of the new classifier. The existing classifier has both a sensitivity and specificity of 97%. If it is assumed that both the sensitivity and specificity of the classifier on the new samples will be 92%, with 125 samples per group, the study has 86% power to rule out an unacceptable sensitivity or specificity of 81% using a joint 95% confidence region for sensitivity and specificity. When testing the existing classifier on all samples (250 per group), the study has 91% power to rule out an unacceptable sensitivity or specificity of 84%. This sample size calculation is based on the potential clinical use of SELDI-TOF-MS protein profiling as a complementary test to PSA. If a patient has an elevated PSA and if a test with both high specificity and sensitivity is negative, the patient would not be biopsied. If the classifier shows very high specificity (i.e., 98%) and good sensitivity, it then has potential to be used as an independent population screening tool to replace PSA. In that case, a much larger prospective study [19] is required to confirm the high specificity. At the current level of validation, such a large investigation is not warranted. Serum samples will be obtained prior to biopsy from the patient population identified by the Working Group. This population consists of 250 controls, 250 patients with high risk PCA and 250 patients with low risk PCA. All samples will be processed, aliquoted, and frozen and stored at −70
• C or colder within four hours of collection. Each sample will be stored as multiple 0.5 ml aliquots. For samples collected prior to the design of this study, requirements will be less restrictive: storage at −70
• C or colder, not thawed prior to this study, and at least 1 ml of sample available to support the validation study.
An interim analysis of the Stage II validation study will be performed when the sample size reaches 125 controls, 125 low risk PCA and 125 high risk PCA cases. Depending on the efficiency of identifying and obtaining these samples, this point may be reached by September 2003. If the study is favorable at the interim analysis, the Working Group will request samples for the described Stage III portion of the validation study from the Prostate Cancer Prevention Trial (PCPT) [10] .
Stage III. Validation in serum samples from subjects enrolled in the Prostate Cancer Prevention Trial (PCPT)
The primary purpose of Stage III of the validation study will be to validate definitively the early detection of PCA using SELDI-TOF-MS serum expression profiling. This final stage of the validation study was designed using samples from the PCPT based of the criteria described subsequently. A comprehensive protocol will be presented to the PCPT Steering Committee for approval, based upon Stages I and II of this study. This study will require the use of a pristine control group that includes subjects who have an exceptionally low likelihood of occult PCA. This parameter is ensured by the analysis of initial samples of sera drawn when patients first entered the PCPT trial, plus the clinical determination that subjects do not have PCA by a negative biopsy (minimum sextant biopsy) including no PIN and no PIA, at the end of the trial (up to seven years after the initial blood sample.) The details of the PCPT have been reported previously [10] .
This study will use serum samples from patients with early PCA as determined by prior PSA measurements and by biopsy (T1 and T2 disease by at least sextant biopsies). The use of the PCPT samples will permit comparison of temporally distant detection of the development of PCA by PSA and SELDI-TOF-MS analyses. For example, the study will evaluate PSA, free PSA and protein expression profiles by SELDI-TOF-MS in serum samples collected up to seven years before the tumor was detected clinically.
The study will validate the detection of PCA in samples of serum collected prior to PCA diagnosis from subjects in both the placebo and finasteride treatment arms of the PCPT. Because finasteride may be used to treat a large number of patients with BPH in the future, the Working Group concluded that it is necessary to test SELDI-TOF-MS for PCA detection in such a population. The validation will use a sample collection obtained at a variety of sites under typical clinical conditions. The variation of sample collection parameters should increase the "noise" in the analytical system and may more accurately reflect the general sampling conditions to be encountered in typical clinical settings.
The final set of samples requested from the PCPT as well as aspects of the design of Stage III will depend upon the outcomes of Stages I and II of this validation study. First, the Working Group will evaluate whether or not the stratification of patients into low risk PCA and high risk PCA is appropriate. Similarly, we will evaluate racial and ethnic subgroups to establish the impact of these variables. Also, the exact number of patients to be included in the analysis will be determined based on the analysis of the potential a and β errors based on the Stage II results.
Patients with PCA: These patients must have no hormonal therapy or pre-treatment prior to obtaining samples of sera. The cases will be limited to T1 and T2 disease, i.e., no evidence of metastases or extra-prostatic disease: The definition of low risk PCA is patients with tumors with Gleason Score =6; similarly, high risk PCA, Gleason Score 7. The segregation into low risk and high risk groups of PCA was selected by the Working Group to test the hypothesis that SELDI-TOF-MS can discriminate low from high risk disease. To our knowledge, this study is the first attempt to develop a biomarker for prostate cancer that takes into account the range of biologic activity of the disease.
Controls: Controls are defined as: subjects with a PSA level of 10 ng/ml, normal DRE not suspicious for malignancy, negative biopsy (sextant biopsy minimum), with no PIN or PIA, and no prior hormonal therapy. The PSA range of 4-10 ng/ml for controls was included so that patients with BPH and an increased PSA would not be excluded from the study. (By excluding this group, SELDI-TOF-MS might indeed become a marker more for the absence of BPH than the presence of PCA.) However, samples will be stratified in the <4 ng/ml and 4-10 ng/ml ranges and analyzed separately.
Stage III of the validation study is designed to use a highly selected group of men who were likely either not to have PCA or to have localized prostatic adenocarcinoma at the time of sampling. Sample sets, in addition to the PCPT (e.g., the Prostate, Lung, Colorectal and Ovary [PLCO] and other cohorts) were reviewed. Because of the extremely well characterized nature of PCPT as well as its PSA-independent end-of-study prostate biopsy, the PCPT population was deemed to be the optimal validation study sample. The Working group identified further opportunities to include smaller serum banks at participating institutions where samples of sera from a defined cohort of PCA patients are available and linked to comprehensive clinico-pathologic data including data from whole-mounted radical prostatectomy specimens and longitudinal follow-up after radical prostatectomy. Such serum specimens will be especially useful for defining serum protein expression profiles related to extent of disease, response to treatment and biologic activity including clinical outcomes such as PCA recurrence, clinical metastasis and death.
Unique advantages of using the PCPT cohort includes:
a) The availability of controls in the PCPT cohort who are unlikely to harbor significant PCA at the time of their initial blood sampling: seven-year, end-of-study negative biopsy with normal PSA and normal DRE for the duration of the study. b) PCA cases identified in the PCPT with multiple serum samples available at diagnosis of PCA and sequential samples for several years before PCA was diagnosed. c) Subjects treated with finasteride will provide important information on the effects of this agent on SELDI-TOF-MS serum protein expression profiles.
Our approach to the design of this study expands the analysis of early detection biomarkers proposed by Pepe et al. [20] by proposing a specific model for early detection validation studies in general and SELDI-TOF-MS studies specifically. In this validation study, additional SELDI-TOF-MS profiling data will be collected and analyzed using existing predictive algorithms. As an integral part of the experimental design, new potentially more accurate algorithms using learning and testing sets will be developed and validated. While the test for PSA is quite sensitive, it is not specific for PCA. Specificity is especially a problem in the abnormal range of 4-10 ng/ml in which BPH is the most frequent confounding disease. To increase the specificity of PSA, assays for free PSA, PSA velocity, PSA density and new forms of pre-PSA have been or are undergoing development for the early detection of PCA. In addition, because patients who have PSA values of <4 ng/ml are biopsied infrequently, we do not know how many cases with Gleason scores of 7-10 are being missed in men with PSA levels below this upper limit of the normal range.
Discussion and summary
The discovery and clinical validation of markers of early detection of a wide range of neoplastic processes is the primary goal of the Early Detection Research Network (http://www.cancer.gov/edrn). As new biomarkers are discovered through proteomic approaches, the necessity to validate and ultimately use them in a clinical setting increases. This can only be done as a collaborative effort among research communities. The National Cancer Institute (USA) has taken a leading role in this regard by creating the Early Detection Research Network (EDRN). Since its inception in 2000, EDRN has supported collaborative research on molecular, genetic, and other biomarkers related to the early detection of cancer and to risk assessment. The EDRN initially was comprised of eighteen Biomarker Development Laboratories (BDLs), nine Clinical and Epidemiology Centers (CECs), three Biomarker Validation Laboratories (BVLs), and a central Data Management and Coordinating Center (DMCC). Subsequently, 12 associate member laboratories have been added to the EDRN.
The mission of the EDRN is to streamline the development, testing, and evaluation of promising biomarkers and technologies to minimize the time from initial exploratory studies to the dissemination of a validated biomarker for clinical use. This network brings together national and international experts, from academia and industry, to promote biomarker discovery, validation and help translation into clinical practice. Exciting information is expected to emerge from such a collaborative effort that can ultimately be applied to population screening for the early detection/diagnosis of cancer.
Pepe et al. [20] proposed five phases in the development of biomarkers for the early detection of cancer. These five phases are 1) preclinical exploratory studies, 2) clinical assay development for clinically established disease, 3) retrospective longitudinal repository studies, 4) prospective screening studies, and 5) cancer control studies. The three stages of this proposed study reflect the special challenges of using protein profiling as a "biomarker" for the early detection of prostate cancer. For example, Phase I ranks and prioritizes biomarker candidates and selects the most promising biomarkers for Phase II studies. However, if a study directly validates an existing and tested protein profile, as in this case, then Phase I is not applicable.
Because validation of SELDI-TOF-MS serum protein expression profiles as a method to detect preclinical PCA is somewhat different, the term "stage" in the steps of validation is used to prevent confusion with the 5 "phases" of biomarker development. Specifically, stage 1 of this study focuses on portability and standardization at other laboratories; if the biomarker is a known protein or gene, portability and standardization is not addressed directly until later phases (e.g., 4 and 5). However, it is crucial to establish portability and reproducibility at an early stage when the "biomarker" is a protein profile consisting of unidentified proteins. After Stage 1 of our validation study is completed, Stage 2 probably best matches to independently repeating the Phase 2 study that already has been completed successfully at the BDL at EVMS [1, 23] . Independently repeating a Phase 2 study is sometime necessary if a Phase 3 study would be very expensive to conduct. Since protein profiling uses high dimensional protein data, the danger of bias due to systematic differences in cancer and control specimens from one site may be more pronounced because multiple proteins may be affected by collection and processing procedures and unique aspects of the patient population; these biases alone may contribute to an erroneous discrimination between cancer and control samples. On the other hand, if the biomarker is an identified single molecule, differences in collection and processing affects on the evaluation of this molecule and any bias this might introduce should be identified more easily. It also is more important to repeat a Phase II test using samples from multiple sites when Phase I is by-passed.
Biomarker development for the early detection of PCA is challenging as 1) there is a risk of detection of indolent disease and 2) as definition of 'controls' is uncertain due to the risk of undiagnosed PCA in men with a negative prostate biopsy. Thus, an important objective of this study is to detect aggressive subtypes of prostate cancer; this was not an objective of the previous EVMS Phase II study. Therefore, a new phase II study with patient selection criteria satisfying the objective of this study is necessary.
Even though Stage II of this study is classed as a Phase II study, it is actually beyond a Phase II study because most of the patients "with cancer" were not identified symptomatically but rather by the very sensitive screening test, PSA. Also, all cancer patients included in Stage II of this study have T1 or T2 disease so that they most likely would be cured by surgery because only 10 to 15% of T1 or T2 disease recurs after radical prostatectomy. Similarly, the controls for the Stage II testing have PSA values =10 ng/ml, a normal DRE, and negative biopsies (sextant minimum) with no PIN or PIA. Thus, Stage II of this study clearly will identify patients with PCA who can be cured by surgery so this stage at least meets some of the goals defined by Pepe et al. for a Phase III study.
Stage 3 using PCPT samples would be theoretically a phase 3 study. However, it is much more than a simple phase 3 study because the collection of samples in the PCPT was designed as a prospective collection, and the PCPT had clearly-defined clinical outcomes, including cases and controls that would be challenging to obtain in any future study. Also, biopsies of the prostate in the PCPT study were prompted by a sensitive screening biomarker, PSA. Thus, completing Stage 3 will be tantamount to conducting a prospective screening program or to completing some of a Phase 4 study, "Prospective Screening Studies"; however, the results of this SELDI-TOF-MS study do not prompt a biopsy/therapeutic outcome as required by the definition of a Phase IV test.
If Stage 3 is completed successfully with a true positive rate of greater than 90% and a false positive rate of less than 50%, it should warrant consideration for approval of SELDI-TOF-MS as a validated diagnostic tool. A further multi-institutional prospective trial to identify the false referral rate and the characteristics of the PCA detected by prospective profiling would be warranted. Such information will not be obtained from the PCPT samples; but, the PCPT study has the potential to assess the lead time from a positive profile to a positive biopsy. In a prospective Phase IV study, if a profile were positive but the biopsy were negative, it would not be known until several years later if a patient has PCA or not. However, if the biopsy were positive in a Phase IV study and a radical prostatectomy were chosen as therapy, the pathologic and clinical stage of the cancer would be known; this is the same situation as for the PCPT samples as driven by PSA testing. The EDRN does not plan to organize a Phase V study that, if necessary, best fits as a component of a very large clinical trial. Such studies might not be necessary before SELDI-TOF-MS profiling could be implemented in the general population for the early detection of PCA if SELDI-TOF-MS were shown to be a superior test to PSA both in sensitivity and specificity.
Future opportunities
While investigators have used a variety of different bioinformatic algorithms for pattern discovery, the most common analytical platform is comprised of a PBS-II SELDI-TOF-MS. Serum protein pattern analysis can also been conducted using a hybrid quadrupole time-of-flight (Qq-TOF) MS platform fitted with a SELDI ProteinChip array interface to test the hypothesis that higher resolution MS data will generate diagnostic models possessing higher sensitivities and specificities. The routine resolution obtained is in excess of 8000 (at m/z = 1500) for the Qq-TOF MS and only 150 (at m/z = 1500) for the PBS-II. Indeed, simulations demonstrate the ability of the Qq-TOF MS to completely resolve species differing in m/z of only 0.375 (e.g., at m/z 3000) whereas complete resolution of species with the PBS-II TOF MS (routine resolution ∼150) is only possible for species that differ by m/z of 20 (simulation not shown). While the higher resolution mass spectrometers are capable of peptide fragmentation and sequence analysis, it is unclear whether higher resolution is necessary to develop more sensitive and specific "fingerprint" assays for the early detection of cancer. Because Ciphergen's ProteinChip Arrays used in the PBSII ProteinChip Reader also can be read using a ProteinChip Interface coupled to the QSTAR, the arrays analyzed in our study could be analyzed subsequently in QSTAR coupled systems to determine if higher resolution results in improved sensitivity and specificity or overall reproducibility in detec-tion of PCA. NCIFCRF will participate in this aspect of the study.
Tandem MS instruments equipped with electrospray ionization (ESI) sources that analyze proteins in aqueous solution, can provide different but complementary information. ESI (as well as MALDI) sources are compatible with instruments that provide very high mass accuracy (i.e. <2 ppm), a level critical for accurate determination of peptide sequences. Analysis of the peptide MS/MS spectra followed by searching against the sequence database to identify the protein is a reliable method for the identification of specific small peptides, some of which form the peaks of interest in the SELDI-TOF-MS protein expression profiles of sera of patients with PCA. However, full application of ESI-MS instrumentation would require the introduction of significant front-end fractionation approaches using advanced microfluidics.
While substantial efforts of this study are focused on protein expression profiling by SELDI-TOF-MS, another goal is to identify serum proteins that are components of the protein peaks, distinguishing patients with PCA from healthy individuals. We can expect that after SELDI-TOF-MS profiling, aliquots of sera from the positive and negative cases will be available for further analysis. The first step toward protein identification will be a reduction of sample complexity by means of electrophoretic separation and/or chromatographic methods. The former may be similar to 2D PAGE, however, this and similar methods are biased toward larger and more abundant proteins. For low abundance serum prostate cancer biomarkers that may be present at parts per million levels and smaller molecular species, some form of affinity capture may be a preferred method. Other approaches for small molecules may use tandem MS-MS methods.
Although proteomic as well as genomic approaches are beginning to define common phenotypic alterations in PCA that may be valuable targets for the early detection of cancer, no serum marker thus far reported has greater potential than SELDI-TOF-MS serum protein profiling. With the introduction and perfection of emerging technologies that would be capable of assessing greater volume of the proteome it is anticipated that new defined serum biomarkers for both PCA diagnosis and prognosis will become available and the validation trial proposed here will serve as an excellent paradigm for these potential emerging PCA biomarkers. In addition, the design for validation proposed here for the detection of PCA using primarily SELDI-TOF-MS can be readily generalized to encompass the early detection of other cancers using SELDI-TOF-MS. In addition, this model for the validation of the early detection and classification of prostate adenocarcinoma using protein expression profiles, as determined by SELDI-TOF-MS [19] could be adapted in the near future to validate other emerging proteomic technologies such as protein and antibody microarrays [6, 13, 14, 24, 25, 27] .
